Most neurons in the central nervous system co-express peptides alongside their principal transmitter, yet the function of these peptides is largely unknown. Vasopressin neurons of the hypothalamic supraoptic nucleus and paraventricular nucleus contain among the highest concentrations of dynorphin found in the brain. Dynorphin, an endogenous opioid peptide, is co-localized in the same neurosecretory vesicles as vasopressin and is released alongside vasopressin from the dendrites and axon terminals of vasopressin neurons. We and others have shown that neuropeptide release from the soma and dendrites of vasopressin neurons activates vasopressin receptors and κ-opioid receptors to cause activity-dependent modulation of vasopressin neuron activity, and that this is essential for activity patterning in vasopressin neurons.
Somatodendritic neuropeptide release from vasopressin neurons
Vasopressin (the antidiuretic hormone) is secreted into the circulation in response to increased plasma osmolality or decreased blood volume to maintain plasma osmolality and blood pressure by promoting antidiuresis and vasoconstriction [1] . Vasopressin neurons (and neighbouring oxytocin neurons) are mainly located within the hypothalamic paraventricular nucleus and supraoptic nucleus from where their axons project to the posterior pituitary gland to release their peptide products into the general circulation [2] . Vasopressin (and oxytocin) neurons also release neuropeptides from their soma and dendrites by exocytosis [3] ; this somatodendritic neuropeptide release is (in part) regulated by electrical activity [4, 5] , and activity-dependent release has recently been shown to be critical for activity patterning of action potential (spike) discharge in vasopressin neurons [6, 7] .
The neurosecretory vesicles of vasopressin neurons also contain vasopressin V 1a and V 1b receptors [8] . Thus vasopressin V 1a and V 1b receptors will be inserted into the cell membrane during exocytosis of vasopressin and will be exposed to high local concentrations of vasopressin, providing a mechanism for autocrine activity-dependent feedback by somatodendritically released vasopressin. In addition, vasopressin neurons synthesize and secrete several other neuropeptides, including the κ-opioid peptide, dynorphin [9] . Indeed, vasopressin neurons contain among the highest levels of dynorphin found in the brain. This dynorphin is co-localized within vasopressin-containing neurosecretory vesicles [10] , along with κ-opioid receptors [11] . Thus somatodendritic vasopressin release is accompanied by dynorphin release at the site of κ-opioid receptor insertion into the plasma membrane, providing for further autocrine activity-dependent feedback. It is the temporally dynamic nature of this somatodendritic peptide feedback that, for some vasopressin neurons at least, is critical in the generation of particular activity patterns.
Activity patterning in vasopressin neurons
Vasopressin neuron axon terminals do not sustain intrinsic repetitive firing [12] and so vasopressin secretion is largely determined by spike discharge initiated within the hypothalamus. In vivo, vasopressin neurons display a range of activity patterns under basal conditions ( Figure 1 ): some neurons are silent, some irregular, some continuously active and some display rhythmic 'phasic' activity, alternating between periods of activity (bursts) and silence that each last tens of seconds.
Clearly, silent vasopressin neurons release little or no hormone from their axon terminals, and the peripheral secretion from vasopressin neurons that fire slowly and irregularly is expected to be minimal. By contrast, phasic firing appears to make optimal use of the properties of the axon terminals to enable appreciable hormone release to occur with minimal expenditure of energy on spike generation [2] . When vasopressin neurons discharge continuously, they release more hormone, although with less efficiency than during phasic firing [2] . Hence, the concentration of vasopressin in the circulation reflects the average activity across the population of vasopressin neurons. The expression of a range of activity patterns under basal conditions permits the population of vasopressin neurons to respond appropriately to decreased plasma osmolality (with a decrease in average firing) or to an increase in plasma osmolality (with an increase in firing). Indeed, when strongly stimulated, vasopressin neurons will discharge more or less continuously [13, 14] .
Figure 1 Activity patterns of vasopressin neurons
In urethane anaesthetized rats under basal conditions, supraoptic nucleus neurons exhibit a range of activity patterns from silence, through irregular and phasic activity, to continuous activity; the proportions of neurons that display each activity pattern are illustrated in the pie chart on the left [29] . 
Figure 2 Contribution of intrinsic membrane properties to phasic activity in vasopressin neurons
The schematic diagram on the left shows an individual spike from a vasopressin neuron, with the associated changes in membrane potential caused by the medium afterhyperpolarization and afterdepolarization after each spike (not to scale). Normally, vasopressin neurons exhibit a prominent post-spike medium afterhyperpolarization and post-spike afterdepolarization (solid line). After each spike, the medium afterhyperpolarization initially hyperpolarizes the neuron, making it less likely to reach spike threshold (less excitable) and then the afterdepolarization increases excitability by bringing the membrane potential closer to spike threshold, making it more likely that ongoing (random) synaptic input will reach spike threshold to trigger a further spike. The influence of these changes in post-spike membrane potential on activity patterning can be revealed by calculating the probability of spike firing from the inter-spike interval histogram in vivo (a hazard function), shown in the graph on the right for 13 phasic neurons. Immediately after each spike (at inter-spike interval = 0), there is a reduced probability of a further spike firing (post-spike refractoriness) that is inferred to result from the afterhyperpolarization. The post-spike refractoriness is followed by an increased probability of a further spike firing (post-spike hyperexcitability) that is inferred to reflect the influence of the afterdepolarization. If a spike does not fire, the probability of spike firing returns a steady-state hazard that is inferred to reflect the baseline membrane potential and the ongoing synaptic input activity. As bursts progress, the afterdepolarization decreases [24] , decreasing the probability of further spike firing [4, 20] to terminate firing.
Spike firing in individual vasopressin neurons is determined by the synaptic input to, and the intrinsic properties of, these neurons. Vasopressin neurons in vivo will not fire spikes in the absence of synaptic input; antagonism of even a proportion of excitatory synaptic inputs silences vasopressin neurons [15, 16] , even during intense stimulation [17] . However, synaptic potentials in vasopressin neurons are essentially randomly patterned and so cannot account for the variations in activity patterns displayed by these neurons. Many neurons express non-synaptic post-spike potentials that modulate activity patterns [18] , and the pattern of vasopressin neuron activity depends on the post-spike potentials expressed by these cells, principally afterhyperpolarizations and an afterdepolarization ( Figure 2 ). These post-spike potentials are important for the conversion of the random synaptic input to vasopressin neurons into a patterned output via mechanisms that are reviewed extensively elsewhere [6] .
Briefly, during phasic activity, bursts are initiated when summation of synaptic potentials causes membrane potential to cross the threshold for spike generation. When consecutive spikes occur close enough together, their associated afterdepolarizations summate to generate a persistent plateau potential that sustains further firing by bringing the membrane potential closer to threshold for spike initiation [19, 20] . Once firing is initiated, a fast afterhyperpolarization paradoxically appears to increase firing rate during bursts via activation of a hyperpolarization-activated inward current (I H ) [21] . A medium afterhyperpolarization induces spike frequency adaptation over the course of bursts [22, 23] . Burst termination involves activity-dependent inhibition of afterdepolarizations [24] as well as activation of a slow afterhyperpolarization to decrease plateau potential amplitude [25, 26] , which reduces the probability of spontaneous spikes firing as bursts progress [20] .
The influence of the afterhyperpolarizations and afterdepolarizations on spontaneous firing in vivo can be revealed by calculation of the probability of spike firing (hazard) from the inter-spike interval histogram of individual neurons to give the inferred probability of a neuron firing a subsequent spike in any interval after a spike, given that another spike has not occurred earlier [4, 27, 28] . A constant hazard is produced by a completely random firing pattern, while divergence above or below a constant hazard reveals periods of increased and decreased post-spike excitability. Typically, vasopressin neurons display a short period of postspike refractoriness that largely reflects the hyperpolarizing influence of afterhyperpolarizations, followed by a period of post-spike hyperexcitability that largely reflects the depolarizing influence of the afterdepolarization [28] . Once the influence of afterhyperpolarizations and the afterdepolarization has waned, the post-spike excitability settles to a steady state that reflects the baseline membrane potential and the ongoing synaptic input strength (Figure 2) .
While the importance of afterhyperpolarizations and the afterdepolarization in the generation of phasic firing has been extensively studied, relatively little attention has been given to the contribution of these intrinsic membrane properties to the firing patterns of vasopressin neurons that exhibit other activity patterns.
Presumably the baseline membrane potential and the synaptic input strength are insufficient to reach threshold in silent neurons, and post-spike potentials clearly have no involvement in maintaining continued silence. However, some vasopressin neurons are continuously active under basal conditions [29] and most vasopressin neurons become continuously active when strongly stimulated [14] .
Comparison of the post-spike excitability displayed by phasic vasopressin neurons and continuously active vasopressin neurons indicates that both post-spike refractoriness and the subsequent hyperexcitability are shorter in continuously active neurons [28] , suggesting that afterhyperpolarizations and afterdepolarizations decay more rapidly in continuously active neurons. To date, no studies have been carried out to determine the contribution of post-spike potentials to the patterning of activity in vasopressin neurons that fire slowly and irregularly.
Modulation of spike discharge of vasopressin neurons by somatodendritic vasopressin release
The effects of exogenous vasopressin on the activity of vasopressin neurons depends on the initial activity of the neuron: vasopressin neurons displaying irregular activity or weak phasic activity are excited by exogenous vasopressin [30] , whereas vasopressin neurons displaying robust phasic activity or continuous activity are inhibited [30, 31] . Vasopressin is released into the supraoptic nucleus in measurable quantities under basal conditions [3] and so vasopressin neurons are continuously exposed to vasopressin at levels that probably reflect the average activity of the vasopressin neuron population as a whole. Hence, somatodendritic vasopressin might act as a 'population feedback signal' to distribute the secretory load across the population of vasopressin neurons via paracrine actions on neighbouring neurons that equalize the average activity level among the neurons [32] .
Vasopressin V 1a receptor activation probably mediates the inhibitory actions of vasopressin on spike discharge, whereas vasopressin V 1b receptors might mediate its excitatory actions. Vasopressin V 1a receptor antagonism within the supraoptic nucleus increases the activity of phasic vasopressin neurons by ∼1 Hz during bursts in vivo [4, 31] . This vasopressin V 1a receptor antagonist-induced increase in firing rate is evident from the onset of bursts, indicating that endogenous vasopressin tonically inhibits at least some vasopressin neurons, probably by reducing the amplitude of EPSCs (excitatory postsynaptic currents) [33] and by increasing IPSC (inhibitory postsynaptic current) frequency [34] . At anterior pituitary corticotrophs, vasopressin stimulates corticotropin (ACTH) secretion via vasopressin V 1b receptors coupled with PLC (phospholipase C) [35] , and vasopressin also activates PLC in vasopressin neurons. Hence, vasopressin V 1b -receptor-mediated activation of PLC might underpin the vasopressin-induced excitation of spike discharge vasopressin neurons [36] .
While exogenous vasopressin excites weakly active vasopressin neurons and inhibits strongly active vasopressin neurons [30, 31] , to date only inhibitory actions of endogenous vasopressin have been revealed by vasopressin V 1a receptor antagonism within the supraoptic nucleus [4, 31] . Indeed, because most vasopressin neurons do not display phasic activity under basal conditions [29, 37] , it appears unlikely that there is enough vasopressin within the supraoptic nucleus to drive non-phasic vasopressin neurons to fire phasically. However, during dehydration (which increases plasma osmolality), most vasopressin neurons are reported to adopt phasic activity [37] , and vasopressin release within the supraoptic nucleus is increased during systemic osmotic stimulation [38] , perhaps via activation of vasopressin V 2 receptor mechanisms [39] . Hence, it is possible that, under stimulated conditions, enough vasopressin is released into the supraoptic (and paraventricular) nucleus to increase the likelihood that any single vasopressin neuron will adopt phasic firing and so it will be important to determine the effects of vasopressin V 1a , V 1b and V 2 receptor antagonists on the activity of vasopressin neurons under such conditions.
Vasopressin receptors have nanomolar affinity for vasopressin [40] and so hypothalamic vasopressin concentrations must be subnanomolar under basal conditions (otherwise all vasopressin neurons would be driven into phasic activity under basal conditions). Based on this observation, we can calculate the maximal secretion rate of vasopressin that must be evident under basal conditions. To generate a nanomolar concentration of vasopressin in the hypothalamus would require ∼3×10 9 molecules. [Avogadro's number = 6 × 10 23 molecules; therefore 6 × 10 17 molecules/µl would be required for a molar concentration and 6 × 10 8 molecules/µl for a nanomolar concentration. Presuming a hypothalamic volume of 45 µl (5 mm × 3 mm × 3 mm) in the rat, the volume of interstitial space will be approx. 5 µl (∼10% of total volume). Hence, 5 × 6 × 10 8 molecules will be required for a nanomolar concentration of vasopressin in the whole hypothalamus.] Because the half-life of vasopressin within the brain is between 1 and 30 min [41, 42] , a secretion rate of less than 3 × 10 7 molecules per second would be required to maintain a stable population of 3 × 10 9 molecules within the hypothalamus. Each exocytotic vesicle is estimated to contain 10 000 molecules of vasopressin [43] and so the release of ∼3000 vesicles per second will maintain an effective concentration of vasopressin within the hypothalamus. There are more than 3000 vasopressin neurons in the hypothalamus [44] and The schematic diagram on the left shows spike firing (1), which triggers exocytosis of vasopressin (VP) and dynorphin (DYN) from the axon terminals (2) and somata/dendrites (3) of VP neurons. κ-Opioid receptors (KOR) in the membrane of the neurosecretory vesicles are newly exposed to the release of DYN (4) and inhibit further firing in the same neuron by reducing afterdepolarization amplitude, whereas VP can inhibit other VP neurons (5) via modulation of synaptic inputs (see the text for details). The ratemeter records on the right show the responses of an irregular (top), a phasic (middle) and a continuous (bottom) vasopressin neuron to KOR agonist [U50488H (U50); 1 mg · kg −1 , intravenous] and antagonist [nor-binaltorphimine (BNI); 25 mM into the supraoptic nucleus through a microdialysis probe]. The irregular neuron (top) was strongly excited by BNI, indicating that such neurons are inhibited by endogenous κ-opioid peptide actions within the supraoptic nucleus. The phasic neuron (middle) was inhibited by systemic U50 and excited by intra-supraoptic nucleus BNI, indicating that although endogenous κ-opioid inhibition of firing is ongoing, it is not maximal. The continuous neuron (bottom) was inhibited by U50 but unaffected by BNI, indicating that, despite being able to respond to KOR activation, this neuron was not under endogenous κ-opioid restraint; this was not simply a failure to deliver BNI through the probe because the effects of U50 were reduced during microdialysis application of BNI.
so each neuron would require to release (on average) less than one vesicle every second or so to maintain an effective concentration of vasopressin under basal conditions. Hence, given that each individual vasopressin neuron fires at up to 20 spikes per second, it is unlikely that there is tight coupling between the occurrence of individual spikes and individual exocytotic events in the soma and dendrites of vasopressin neurons.
Activity-dependent autocrine modulation of spike discharge by somatodendritic dynorphin release
Activity-dependent inhibition of afterdepolarizations is critical for burst termination in phasic vasopressin neurons [7] . This inhibition requires exocytosis from vasopressin neurons, but endogenous vasopressin does not influence afterdepolarization amplitude [24] . Rather, co-released dynorphin is responsible for the activity-dependent inhibition of the plateau potential that terminates phasic bursts by an autocrine feedback mechanism [24] and is hence largely responsible for the rhythmicity of individual vasopressin neurons displaying phasic activity. Vasopressin neurons are not the only neurons that release dynorphin from their dendrites; dynorphin released from dentate granule neurons in the hippocampus acts as a retrograde inhibitor of excitatory synaptic transmission [44] .
κ-Opioid receptor agonists inhibit vasopressin neuron activity in vivo [29] and in vitro [45, 46] , via inhibition of synaptic inputs [45] as well as afterdepolarizations [46] . Endogenous κ-opioid peptides also inhibit vasopressin neurons because administration of a κ-opioid receptor antagonist into the supraoptic nucleus prolongs phasic bursts in vivo [29] and in vitro [24] ; this endogenous κ-opioid reduction of burst duration results from the inhibition of afterdepolarizations because κ-opioid (but not µ-opioid) receptor antagonism reduces activity-dependent inhibition of afterdepolarizations [24] and increases plateau potential amplitude during phasic bursts [20] . In contrast with the endogenous vasopressin V 1a receptor inhibition of phasic vasopressin neurons, endogenous κ-opioid inhibition of phasic neurons is absent at the onset of each burst but emerges as bursts progress, indicating activity-dependent activation of κ-opioid receptor mechanisms during bursts [4] .
Dynorphin is rapidly degraded in vivo (with a half-life of less than 1 min in plasma [47] and less than 10 min in brain membrane preparations [48] ), and the dynorphin concentration in vasopressin neurons is estimated to be orders of magnitude less than the concentration of vasopressin itself [49] . Hence, the concentration of dynorphin achieved in the supraoptic nucleus is likely to be orders of magnitude lower than that of vasopressin. As a consequence, dynorphin co-released with vasopressin probably acts as an activitydependent autocrine feedback inhibitor to terminate bursts in phasic neurons by progressive inhibition of the afterdepolarization/plateau potential mechanism; at burst onset, afterdepolarization summation generates the plateau potential to increase the probability that the ongoing synaptic input will trigger further spikes, sustaining activity. As bursts develop, activity-dependent dynorphin release from the soma and dendrites causes progressive κ-opioid feedback inhibition of plateau potentials to reduce the probability of synaptic excitation, eventually terminating bursts.
Endogenous activation of supraoptic nucleus κ-opioid receptors is essential for the expression of phasic activity by vasopressin neurons. Chronic activation of supraoptic nucleus κ-opioid receptors over 5 days desensitizes these receptors to acute activation by exogenous κ-opioids and eliminates phasic activity in vasopressin neurons in vivo [29] . This does not simply reflect an ongoing κ-opioid inhibition of activity, because intense osmotic stimulation increases vasopressin neuron activity in rats in which supraoptic nucleus κ-opioid receptors have been desensitized, but does not reinstate phasic firing [29] .
While the role of somatodendritic dynorphin release in the regulation of phasic activity is clear [7] , the involvement of endogenous κ-opioid peptides in the generation of other activity patterns has not previously been studied. We have now found that administration of κ-opioid receptor antagonist into the supraoptic nucleus increases the activity of vasopressin neurons displaying irregular activity (V. Scott and C.H. Brown, unpublished work; Figure 3) , indicating that such vasopressin neurons might also be subject to endogenous κ-opioid inhibition.
Continuously active vasopressin neurons also express κ-opioid receptor mechanisms because these neurons are strongly inhibited by κ-opioid agonist administration ( Figure 3 ). However, unlike phasic vasopressin neurons, continuously active vasopressin neurons are not excited by κ-opioid receptor antagonist administration into the supraoptic nucleus ( Figure 3 ). Hence, it is possible that continuously active vasopressin neurons have 'escaped' the autocrine feedback inhibition that terminates activity to generate phasic firing. Indeed, as alluded to above, continuously active vasopressin neurons express a shorter post-spike refractoriness that (because the post-spike hyperpolarization and depolarization are superimposed in time) could result from a more prominent post-spike hyperexcitability [28] , consistent with the expression of a larger afterdepolarization (i.e. free from endogenous dynorphin inhibition) during continuous activity.
Because the activity of adjacent irregular and phasic vasopressin neurons is asynchronous [50] , dynorphin inhibition is absent at burst onset in phasic neurons [4] and continuously active vasopressin neurons are free from endogenous κ-opioid inhibition (while still expressing functional κ-opioid receptors), somatodendritic dynorphin release must affect only the neuron of origin, rather than neighbouring neurons, at least under basal conditions. Extracellular peptidases limit the effects of endogenous dynorphin [24] and so might prevent dynorphin synchronizing activity between phasic vasopressin neurons and prevent neighbouring continuously active neurons being forced to adopt phasic activity.
In conclusion, it appears that variability in the strength of autocrine κ-opioid inhibition of vasopressin neurons allows these neurons to express a range of activities under basal conditions that will result in baseline vasopressin secretion from the posterior pituitary gland that can then be increased or decreased in response to the appropriate physiological stimuli. 
